The current AISC Specification (AISC 360-16) specifies the material strength limits for concrete-filled steel tube (CFT) columns. According to AISC 360-16, the steel yield stress (F y ) for CFT columns should not exceed 525 MPa, and the concrete compressive strength (f' c ) should not exceed 70 MPa. CFT columns are classified as high strength if either F y or f' c exceeds these specified limits, and are classified as conventional strength if both F y and f' c are less than or equal to the limits. Due to lack of adequate research and comprehensive design equations, AISC 360-16 does not endorse the use of high-strength materials for CFT columns. This paper makes a contribution towards addressing this gap using a two-step approach. The first step consists of compiling an experimental database of high-strength rectangular CFT column tests in the literature and evaluating the possibility of extending the current AISC 360-16 design equations to high-strength rectangular CFT columns. The second step consists of developing and benchmarking detailed 3D nonlinear finite element models for predicting the behavior of high-strength CFT columns from the database. The benchmarked models are being used to perform comprehensive parametric studies to address gaps in the database and propose design equations for high-strength rectangular CFT members, which will be part of a future paper.
Introduction
Concrete-filled steel tube (CFT) members are usually comprised of rectangular or circular steel tubes filled with concrete. CFT members can be more efficient than reinforced concrete or structural steel members due to the synergistic interaction between the steel tube and concrete infill. The steel tube provides confinement to the concrete infill, while the concrete infill delays the local buckling of the steel tube [1] [2] [3] . As an innovative structural component, CFT members have been used widely around the world in various structures. For example, they have been used as: (i) chords in composite arch bridges [4] , (ii) mega columns in high-rise buildings [5] , (iii) piles in floodwall structures [6] , and (iv) bridge piers [7] .
The current AISC Specification (AISC 360-16) [8] does not endorse the use of high-strength materials for CFT columns. According to AISC 360-16 [8] , the steel yield stress (F y ) should not exceed 525 MPa, and the concrete compressive strength (f' c ) should not exceed 70 MPa. CFT members are classified as high strength if either F y or f' c exceeds these specified limits. CFT members are classified as conventional strength if both F y and f' c are less than or equal to the limits.
Experimental studies have been conducted to evaluate the behavior of conventional-strength CFT members as columns, beams, and beamcolumns. These studies have been summarized independently by several researchers in [1] [9] [10] [11] [12] . These experimental tests indicate that the behavior and strength of conventionalstrength CFT members depend on parameters such as the concrete compressive strength (f' c ), steel yield stress (F y ), tube width-to-thickness ratio (b/t) or diameter-to-thickness ratio (D/t), and member length (L).
Based on the findings from these prior investigations, AISC 360-16 [8] provides design 245 Lai, Z. and Varma, A.H. 2018, Universitat Politècnica de València provisions for conventional-strength CFT members, which include: (i) steel tube slenderness limits (i.e., tube width-to-thickness limits) to categorize CFT members into compact, noncompact, and slender; and (ii) design equations for estimating the compressive, flexural and beam-column strength of CFT members. The authors have presented the basis (development and verification) of these design provisions elsewhere in [1] [3] [12] .
Several researchers have experimentally investigated the behavior of high-strength rectangular CFT columns, including Cederwall et al. [13] , Varma [14] , Uy [15] , Liu et al. [16] , Mursi and Uy [17] , Sakino et al. [18] , Liu [19] , Lue et al. [20] , Aslani et al. [21] , Xiong et al. [22] , and Khan et al. [23] among others. These prior studies have provided valuable insights into the fundamental behavior of high-strength rectangular CFT columns. However, there is a lack of comprehensive design equations based on the compilation of these studies. Consequently, AISC 360-16 [8] does not endorse the use of high-strength rectangular CFT columns.
This paper makes a contribution towards addressing this gap using a two-step approach. The first step consists of compiling an experimental database of high-strength rectangular CFT column tests in the literature and evaluating the possibility of extending the current AISC 360-16 design equations to highstrength rectangular CFT columns. The second step consists of developing and benchmarking detailed 3D nonlinear finite element models for predicting the behavior of high-strength CFT columns from the database. The benchmarked models are being used to perform comprehensive parametric studies to address gaps in the database and propose design equations for high-strength rectangular CFT members, which will be part of a future paper.
Experimental database
As discussed in the previous section, several experimental tests have been conducted to evaluate the behavior and strength of highstrength rectangular CFT columns. This section compiles an experimental database by reviewing these tests. A total of 130 tests on high-strength CFT columns were included in the database. These specimens were categorized into three types depending on the material strengths of the steel tube and concrete infill, as identified in Table 1 . The first type (HS-CC) consisted of 40 CFT columns with high-strength steel tube and conventional-strength concrete infill. The second type (CS-HC) consisted of 41 specimens with conventional-strength steel tube and highstrength concrete infill. The third type (HS-HC) consisted of 49 specimens with high-strength steel tube and concrete infill. Table 1 summarizes the details of the 109 short column specimens with length-to-depth ratio (L/H) less than or equal to 6.0, while Table 2 summarizes the details of the 21 slender column specimens with L/H greater than 6.0. Fig. 1(a) and Fig. 1(b) compares the strengths calculated using the AISC design equation (P n ) with those obtained from the experiments (P exp ) for the short and slender column specimens, respectively. Fig. 1(a) indicates that the AISC design equations can reasonably estimate the strength of high-strength rectangular CFT short columns. The mean P exp /P n ratio is 1.07, and the corresponding coefficient of variation is 0.09. These comparisons also indicate that the AISC design equations are conservative for columns with compact sections and slightly unconservative for columns with noncompact sections. Due to lack of test data, no conclusions can be made regarding the conservatism of the AISC 360-16 equations for designing (i) highstrength rectangular CFT short columns with slender sections or (ii) high-strength rectangular CFT slender columns. Additional data points are required. This was addressed by conducting finite element analysis using the FEM models developed and benchmarked in the next section.
Finite element models
This section develops and benchmarks detailed 3D nonlinear FEM models for highstrength rectangular CFT columns. The FEM models were developed using ABAQUS [24] . Details of the FEM models include: (i) element types, (ii) contact interaction, (iii) steel and concrete material models, (iv) geometric imperfections, (v) boundary conditions, and (vi) analysis method. Most of these details are similar to those presented by the authors previously [1] for conventional-strength 2018, Universitat Politècnica de València Uy (2001) Liu et al.
Cederwall rectangular CFT members, for example: (i) an idealized bilinear curve was used to specify the steel uniaxial stress-strain behavior in both compression and tension, and (ii) residual stresses were not included because they influence the behavior of intermediate and long columns, but have negligible influence on short columns. The only exception is the concrete material model, which is explained as follows.
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In the previous research [1] conducted by the authors, the concrete damaged plasticity (CDP) material model developed by Lee and Fenves [25] was used to model the material multiaxial behavior of conventional-strength concrete. This model requires the following input: (i) multiaxial plasticity parameters including the dilation angle (ψ), eccentricity (ϵ), concrete biaxial-to-uniaxial compressive strength ratio f' bc /f' c , and the ratio of compressive to tensile meridians of the yield surface in Π (deviatoric stress) space K c ; (ii) uniaxial compressive behavior; and (iii) uniaxial tensile behavior. These input were selected as follows to model conventional-strength concrete: (i) ψ = 15 o and default values in ABAQUS for ϵ, f' bc /f' c , and K c (i.e., ϵ = 0.1, f' bc /f' c = 1.16, and K c = 0.67); (ii) the empirical model proposed by Popovics [26] to define the uniaxial compressive behavior; and (iii) the empirical models developed by CEB-FIP [27] to define the smeared cracking behavior in tension. However, as explained previously by the authors [28] , the CDP model in ABAQUS cannot fully account for the beneficial effects of confinement on the post-peak behavior of highstrength concrete. This results in inaccurate (more negative) predictions of the post-peak stress-strain behavior of the concrete infill for CFT columns. Researchers have proposed different solutions to address this issue. For example, Tao et al. [29] conducted series of sensitivity analyses and concluded that: (i) default values of f' bc /f' c and K c are not suitable for modeling the concrete infill of CFT columns, and (ii) the specified concrete uniaxial compressive behavior should be modified to account for the effect of confinement. It should be noted that modifying the concrete uniaxial compressive behavior to account for confinement was more of a modeling technique rather than the original intent of the CDP model. According to Tao et al. [29] , the dilation angle (ψ) for rectangular CFT columns can be set as 40 o , the f' bc /f' c ratio can be determined using Eq. (1) as proposed by Papanikolaou and Kappos [30] , and K c can be determined using Eq. (2) based on Yu et al. [31] . Lower values of K c result in increase of strength and less negative postpeak stiffness. The developed FEM models were benchmarked by using them to predict the behavior and strengths of the 130 high-strength CFT columns in the experimental database. Fig.  3 shows the resulting comparisons. As shown, the mean experimental-to-predicted strength ratio (P exp /P FEM ) ratio is 1.05, and the corresponding coefficient of variation is 0.085. 
Summary and conclusions
This paper presented the results of a systematic approach that was used to address gaps in AISC 360-16 for designing high-strength rectangular CFT columns. In the first step, an experimental database consisting of 130 highstrength rectangular CFT column tests was compiled. Test results from the database were used to evaluate the possibility of extending the AISC 360-16 design equations for estimating the strength of high-strength rectangular CFT short columns. The evaluations indicated that AISC design equations reasonably estimated the strength of high-strength rectangular CFT short columns with compact sections. However, they were slightly unconservative for those with noncompact sections.
In the second step, detailed 3D nonlinear FEM models for high-strength CFT columns were developed and benchmarked. The benchmarked models are currently being used to perform parametric studies to (i) address gaps in the database and (ii) propose design equations for high-strength rectangular CFT members, which will be part of a future paper. 
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